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INTRODUCTION

PERIODIC LEG MOVEMENTS DURING SLEEP (PLMS) ARE REPETITIVE LEG JERKS CHARACTERIZED BY A TRIPLE FLEXION OF LOWER LIMBS, WHICH ARE RECORDED dur-
ing standard polysomnography by placing 2 electrodes over each anterior tibialis muscle. 1 All anterior tibialis bursts with a duration from 0.5 to 5 1 or 10 2 seconds, separated by intervals ranging from 5 to 90 seconds and included in series of 4 or more consecutive leg movements (LM), are scored as PLMS. The pathologic meaning of PLMS is still debated; they are often associated with both autonomic and cortical electroencephalogram arousals, but the causal relationship between PLMS and sleep disruption is unclear. [3] [4] [5] [6] Some findings, in particular the rapid and dramatic suppression after a single low dose of a dopamine-agonist, suggest a possible role for a dopaminergic dysfunction in the pathogenesis of PLMS in patients with restless legs syndrome (RLS). [7] [8] [9] Although they occur mainly in patients affected by RLS, PLMS can also be found in other sleep or neurologic disorders and in healthy subjects, especially in the elderly. 10 Among sleep disorders, narcolepsy, sleep apnea syndrome, and rapid eye movement (REM) sleep behavior disorder (RBD) are well-established pathologic conditions associated with PLMS. [11] [12] [13] In these disorders, specific PLMS features, such as duration, amplitude, periodicity, and distribution across the night, may be considerably different from those of RLS. For instance, it has been recently demonstrated that, in narcoleptic patients, LM are significantly less periodic and equally distributed across the night, compared with those of patients with RLS, who present highly periodic LM progressively decreasing in number throughout the night.
14 These time-structure differences have been detected by applying a new computer-assisted analysis of nocturnal leg motor activity that is able to perform a new qualitative and quantitative differentiation between LM patterns in different disorders. 15, 16 The traditional method used to analyze PLMS is insufficient to capture the details of the differences in the electromyographic (EMG) signal, such as LM periodicity, area under the curve, distribution of intermovement interval, and in general LM time structure during sleep. 16 These particular LM features may reflect a modulation effect of specific diseases on the same PLMS phenomenon; alternatively, they might suggest a different origin of LM in terms of mechanisms and pathogenesis. The presence of PLMS is not specific for a particular disorder; the time structure and qualitative pattern of PLMS, however, might be disease related. A detailed LM analysis has never been carried out in patients with RBD.
About 70% of patients with idiopathic RBD have a PLMS index (number of PLMS per hour of sleep) greater than 10, which, in the past, has been usually been considered to be pathologic. 13 PLMS are not the sole feature shared by patients with RBD and RLS; in fact, in both diseases, a dopaminergic dysfunction is postulated to play an important role in the pathogenesis. 9, 17, 18 Moreover, idiopathic forms of RBD may evolve into neurodegenerative α-synucleinopathies such as Parkinson disease, in which dopamine dysfunction is well demonstrated and the prevalence of PLMS is higher than in the general population. 19, 20 The aim of this study was to describe, in detail, LM activity during sleep in a group of patients with idiopathic RBD in comparison to age-matched healthy control subjects and patients with RLS.
METHODS
Subjects
A total of 71 adult subjects were recruited for this study, 20 (mean age 70.1, SD 4.6; 17 men, and 3 women) affected by RBD, 37 (mean age 67.8, SD 5.3; 17 men and 20 women) with RLS, and 14 (mean age 66.5, SD 5.9; 6 men and 8 women) control subjects. One subject, out of the 14 controls, reported that at least 1 of his first-degree relatives had RLS symptoms. A positive family history for RLS was reported by 51.3% (19 patients) of the subjects with RLS, whereas no patients with RBD reported RLS in their families. All subjects were medication free for at least 8 weeks prior to polysomnography. The diagnosis of RBD was based on the International Classification of Sleep Disorders 21 criteria for RBD, including the presence of REM sleep without atonia, sleeprelated injurious or disruptive behaviors by history or abnormal sleep behaviors documented during polysomnographic monitoring, absence of electroencephalogram epileptiform activity during REM sleep, and sleep disturbance not better explained by another sleep disorder, medical or neurologic disorder, mental disorder, medication use, or substance use disorder. Secondary forms of RBD were excluded on the basis on historical data, neurologic examination, hematologic tests, and encephalic magnetic resonance imaging findings. All patients with RBD with at least 1 subtentorial vascular lesion, at least 2 vascular supratentorial lesions greater than 0.5 cm, or at least 1 supratentorial lesion greater than 2 cm were excluded. Patients with RBD who reported symptoms that could indicate the presence of RLS were also excluded.
Inclusion criteria for RLS were those of the International RLS Study Group (IRLSSG); (1) leg restlessness, usually accompanied or caused by uncomfortable and unpleasant sensations in the legs; (2) beginning or worsening of this unpleasant sensation during rest or inactivity such as lying or sitting; (3) partial or total relief of the unpleasant sensations by movement, and (4) worsening or occurrence of the unpleasant sensations in the evening or night, compared to daytime. 22 To be included in the study, the mean frequency of symptoms during the last 6 months had to be greater than 2 times per week. On the basis of historic data, neurologic examination, hematologic tests (including serum iron, transferrin and ferritin), and neurophysiologic investigation (EMG and electroneurography of the lower limbs), all patients with RLS with symptomatic forms were excluded. A mean score of 25.4 (SD 6.31) was obtained applying the IRLSSG rating scale 23 to this group.
Patients with idiopathic RBD were consecutively enrolled from our sleep center, whereas patients with RLS were consecutively chosen among those admitted to our center in order to obtain a group with an age comparable to that of subjects with RBD.
Fourteen subjects served as a control group. None had any physical, neurologic or psychiatric disorder, or history of sleep problems, and none was taking medication at the time of recording. Exclusion criteria were (1) a sleep disorder diagnosis (including sleep apnea), (2) a major mental illness, (3) a significant history of cognitive difficulties, and (4) prior (within 1 year) or current use of a neuroleptic agent. All patients gave their written consent for the study, and the local ethics committee approved the investigation.
Nocturnal Polysomnography
All 71 subjects underwent a full-night video-polysomnographic study, which was carried out after a night of adaptation in a standard sound-attenuated (noise level to a maximum of 30 dB nHL) sleep laboratory room. Subjects were not allowed caffeinated beverages the afternoon preceding the recording and were allowed to sleep in until their spontaneous awakening in the morning. Lightsout time was based on individual habitual bed time and ranged between 2130 and 2330. The following signals were recorded: EEG (at least 3 channels, 1 frontal, 1 central and 1 occipital, referred to the contralateral earlobe); electrooculogram (electrodes placed 1 cm above the right outer cantus and 1 cm below the left outer cantus and referred to A1); electromyogram (EMG) of the submentalis muscle, EMG of the right and left tibialis anterior muscles (bipolar derivations with 2 electrodes placed 3 cm apart on the belly of the anterior tibialis muscle of each leg, impedance was kept less than 10 KΩ; and electrocardiogram (1 derivation). Sleep signals were sampled at 200 Hz and stored on hard disk in European data format (EDF, see Kemp et al. 24 for details) for further analysis. Electromyogram signals, in particular, were digitally band-pass filtered at 10 to 100 Hz, with a notch filter at 50 Hz. The sleep respiratory pattern of each patient was monitored using oral and nasal airflow thermistors and/or nasal pressure cannula, thoracic and abdominal respiratory effort strain gauge, and pulse oximetry (oxygen saturation). This was performed in all subjects in a previous recording (within 1 week) or during the study recording; patients with an apnea-hypopnea index of 5 or greater were not included.
Sleep Scoring and Detection of Leg Movements
Prior to any recording, we verified that the EMG amplitude recorded from the 2 anterior tibialis muscles was below 2 µV at rest and exceeded 7 to 10 µV for small voluntary flexions of the foot. Sleep stages were visually scored following standard criteria 25 at 30-second intervals using the sleep analysis software Hypnolab 1.2 (SWS Soft, Italy). LM during sleep were first detected by the same software that allows their computer-assisted detection. With this software, the detection is performed using a human-supervised automatic approach 15 controlled by the scorer that uses World Association of Sleep Medicine-IRLSSG criteria. 2 The performance of this system has been evaluated and validated, but, in this study, 1 scorer visually edited the detections proposed by the automatic analysis before computing a final result. In particular, the total LM Index was calculated to represent the total number of leg movements per hour of sleep, whereas the PLMS index was calculated as the number of LM included in a series of 4 of more, separated by more than 5 and less than 90 seconds, per hour of sleep.
Further Analysis of LM Architecture
In this analysis, we used our newly described approach to study LM periodicity. 16, 15 These parameters are in line with those pro-posed by the World Association of Sleep Medicine -IRLSSG criteria 2 and included the following. (a) Duration included all movements lasting 0.5 to 10 seconds. (b) Amplitude, as introduced above, was the amplitude of the EMG signal from the 2 anterior tibialis muscles below 2 µV at rest and exceeded 7 to 10 µV for small voluntary flexions of the foot. LM were included when the EMG increased to 8 µV or greater above the resting baseline (e.g.. 10 µV for a baseline of 2 µV, for our rectified signal). The ending point was when the EMG decreased to more than 2 µV above the resting level and remained below that value for 0.5 seconds.
All these values were calculated on the rectified EMG signals. , then we applied the same time resolution for the detection of the absence of movement. For this reason, the minimum interval between different LM (Interval 2) was set to 0.5 seconds. (i) Bilateral or unilateral movements were defined as 2 EMG bursts on the 2 legs separated (Interval 2) by at least 0.5 seconds for bilateral movements and as EMG bursts involving only 1 leg and separated by at least 0.5 seconds from any other LM for unilateral. (j) The Periodicity Index (PI) was defined as the number of sequences of 3 inter-LM intervals of at least 10 seconds but less than 91 seconds in duration divided by the total number of inter-LM intervals. This index can vary between 0 (absence of periodicity) to 1 (all intervals with lengths longer than 10 seconds but less than 91 seconds). PI is independent on the absolute number of LM recorded and was calculated for all the subjects included in this study for the total sleep period and, separately, for non-rapid eye movement (NREM) and REM sleep.
Statistical Analysis
The comparison between the different parameters derived from the classic PLMS analysis and the PI in the different patient groups was carried out by means of the nonparametric KruskalWallis analysis of variance, followed by the nonparametric MannWhitney test for independent data sets (used as a posthoc test), in order to test the eventual differences between patients with RBD and control subjects or patients with RLS. Differences were considered statistically significant at P < 0.05. To compare the intermovement interval histograms of patients with RBD with those of patients with RLS and control subjects, we used the nonparametric Mann-Whitney test and applied a Bonferroni correction on 50 comparisons (statistical significance at P < 0.001; 0.05/50). For the comparison of the number of LM per hour of sleep of patients with RBD with that of patients with RLS and control subjects, we used a nonparametric Mann-Whitney test and applied a Bonferroni correction on 8 comparisons (statistical significance at P < 0.00625; 0.05/8). The commercially available software STATIS-TICA (data analysis software system), version 6, (StatSoft, Inc. Vigonza, Italy) was used for all statistical tests.
RESULTS
Regarding the sleep-staging results, except for a significant increase of slow-wave sleep percentage and of sleep instability (stage shift per hour) in the RBD group, no other differences among groups were detected. As expected, the PLMS index was greater than 15 in 34 (92%) of patients with RLS, whereas the same threshold was exceeded by 17 (85%) of the patients with RBD and by 5 (36%) of the control subjects.
As shown in Table 1 , the total LM index was higher in the patients with RBD and RLS, as compared with the control subjects, but was not significantly different between the patients with RBD and RLS. These differences were due to the periodic LM component. In fact, the PLM index was significantly higher in patients with RLS and RBD, compared with normal subjects, but the isolated LM index did not differ among the 3 groups. The proportion of bilateral versus unilateral LM was higher in patients with RLS than in those RBD and, in both cases, was much higher than in control subjects. The highest value of unilateral LM was observed in the RBD group, but this was not significantly different from that of RLS and control subjects. Periodic LM were dependent on sleep states: total LM index and PLMS index were higher in patients with RLS, compared with those with RBD, during NREM sleep, whereas they were lower during REM sleep. The isolated LM index was not influenced by sleep states and was similar in the 3 groups of subjects. The number and duration of PLM sequences did not differ between patients with RLS and those with RBD. The mean duration of PLMS was shorter in the RBD than in RLS group, whereas the mean duration of isolated LM was similar in both groups. LM duration was significantly different between RBD and RLS only during NREM sleep.
The distribution of inter-LM intervals in control subjects, patients with RBD, and patients with RLS is shown in Figure 1 . Interesting differences in profiles were noted between the 3 groups. A bimodal distribution is clear for the all groups, with the first smallest peak in the range of the shortest intervals (1 < I ≤ 3 seconds). The second peak occurs at intervals around longer than 17 but shorter than 21 seconds in control subjects and in RLS subjects (higher values in RLS), whereas, in patients with RBD, 
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it appears to be more flattened and occurs at intervals of approximately 26 seconds. The profiles of the 3 groups are indistinguishable for interval classes longer than 66 seconds. Although still clearly recognizable, the bimodal distribution was less evident in subjects with RBD. Patients with RLS had values significantly higher than patients with RBD, and these, in turn, had values significantly higher than control subjects, mostly for the first peak. Figure 2 shows the comparison of the distribution of number of PLM per hour of sleep for the first 8 hours among control subjects and patients with RBD or RLS. A bell-shaped distribution can be seen for control subjects; in contrast, patients with RLS and RBD show a progressive decrease in the number of PLM per hour of sleep throughout the night. In both groups, the same decreasing trend is confirmed during NREM sleep, whereas it disappears when considering separately only REM sleep of patients with RBD.
PI, which is inversely correlated to the entropy of the EMG burst time structure, 16 was calculated in each of the 3 groups and is shown in figure 3 . The total PI was significantly highest for patients with RLS (mean PI 0.671, SD 0.164) and lowest for patients with RBD (mean PI 0.553, SD 0.248), whereas it fell in the middle for control subjects (mean PI 0.606, SD 0.232). Different values were obtained calculating PI separately for each sleep states: during REM sleep, the distance between low PI values in RBD versus high values in patients with RLS was confirmed; NREM sleep almost abolished this difference. However, it should be noted that none of these group comparisons reached statistical significance; on the contrary, the comparison between REM and NREM PI within the same group was significant (P < 0.035 in control subjects, P < 0.00015 in patients with RBD, and P < 0.00005 in patients with RLS) by means of the nonparametric Wilcoxon test for paired data sets.
DISCUSSION
This study confirms the high prevalence of PLMS in RBD 13 and the significant differences in PLMS time structure that emerged between patients with RBD and those with RLS. First of all, PLMS were clearly associated with NREM sleep in RLS and with REM sleep in RBD, at least in terms of number per hour. Moreover, PLMS were shorter, were less often bilateral, and had with a higher intermovement interval in patients with RBD compared to those with RLS. The LM periodicity was lower in patients with RBD than in those with RLS, especially during REM sleep, even if the results were not statistically significant. The reason of the lack of statistical significance is that age is an important factor in- 16 but also in control subjects, 26 and, in agreement with the particular age of our subjects, we found relatively high values of PI in all of our groups. Finally, the trend of the number of PLM per hour decreased similarly throughout the night in both patients with RBD and those with RLS, but, when it was calculated separately during REM and NREM sleep, it became remarkably different during REM sleep, with patients with RBD showing clearly higher values organized in a bell-shaped distribution. The above-mentioned differences were not detected when considering isolated LM, which were equally represented in all groups (RBD, RLS, and control subjects) and did not segregate with sleep states.
The high PLMS occurrence in RBD, especially during REM, might be triggered by the absence of brainstem inhibition on spinal motoneurons, which is the main feature of RBD. 27 Several pieces of evidence suggest that dopaminergic dysfunction plays a crucial role in RLS and PLMS pathogenesis: both RLS and PLMS are markedly improved by low doses of dopamine agonists since the first night of treatment, 7, 8 they worsen after administration of antidopaminergic drugs, 28 are highly represented in patients affected by Parkinson disease, 29 can be induced by iron deficiency (iron is the coenzyme of the tyrosine hydroxylase, the key enzyme in the dopamine anabolism pathway), 30 and finally show a circadian pattern opposite to that of serum dopamine levels. 31 Also, in patients with RBD, the frequent occurrence of PLMS may be a consequence of a disease-related dysfunction in dopamine regulation. Neuroimaging investigations have demonstrated reduced striatal dopamine transporters 32 and innervation 18 in idiopathic RBD. Furthermore, pramipexole (a D 3 preferential agonist) decreases the frequency and the intensity of REM motor episodes in patients with RBD. 33 The absence of any pattern of expression across the night, together with the recent demonstrated low response after treatment by dopamine-agonists, 33 indicates a separate neurotransmitter and perhaps separate pathway in the regulation of nonperiodic LM, both in RLS and RBD.
To the best of our knowledge, only 1 paper has focused on PLMS in RBD. 13 The authors found that, compared with patients with RLS, PLMS are more frequent in REM sleep in patients with RBD, are not clearly responsive to pramipexole, and seem to be less frequently associated with cortical and autonomic arousals. The hypothesis of a possible impairment in cortical and autonomic reactivity to internal stimuli in RBD patients was strengthened by the tendency in idiopathic RBD to evolve in neurodegenerative disorders which may impair cognitive and vegetative functions. 34 An alternative hypothesis might be that, although classified as PLMS by the standard criteria, LM in RBD may be different, at least in part, in terms of pathogenesis, neurotransmitter implication, and the central nervous system pacemaker involved, compared with those observed in RLS. The reduced response to dopamine agonists in RBD versus RLS, 33 as well as the discrepancies in EMG phenotype between these 2 sleep disorders, agrees with the theory that we are in front of 2 at least partially different motor phenomena, which consequently may have different correlates in the cortical and autonomic system mechanisms and structures. This may also explain why most patients affected by Parkinson disease, although usually treated with high doses of dopamine agonists, continue to have high PLMS indexes. 35, 36 In these patients, the persistence of PLMS may cooperate with other causes of sleep fragmentation (sleep apnea, difficulty in changing body position, pharmacologic side effects) in disrupting hypnic structures and provoking insomnia and excessive daytime sleepiness. 37 The differences between PLMS phenotype in RBD and RLS, observed by the above-mentioned study, 13 and those demonstrated in the present investigation may also be explained by 2 other hypotheses: (1) PLMS in RBD and RLS may share the same pathogenic origin, but their EMG phenotypes appear diverse because of the influences operated by each disease-in other words, these differences may be disease-related; and (2) PLMS in RBD and RLS are homogeneous under the pathogenic profile, but their differences may be sleep-state-related. Although the present study does clearly support any of the previous theories, our results seem to agree better with the last hypothesis. Some of the qualitative features of PLMS, such as periodicity, but mostly their distribution across the night and mean duration, which appear to be quite different between RLS and RBD, become very similar if they are considered only during NREM sleep. From this point of view, the influence of sleep state seems to be stronger than the influence of disease. It seems that REM sleep per se, in both RLS and RBD, increases the entropy of anterior tibialis activity, maybe by deactivating a possible central pacemaker. Other periodic phenomena, such as the cortical activity known as cyclic alternating pattern, 38 the respiratory pattern, 39 or few autonomic functions (heart-rate variability, b-waves in systemic blood pressure, arteriolar sphinteric activity) 40 become extremely irregular passing from NREM to REM sleep. Therefore, the final phenotype of the total PLMS is more influenced by REM sleep in RBD and by NREM sleep in RLS, simply because PLMS occur more frequently during REM sleep in RBD and during NREM sleep in RLS. Under this point of view, the disease per se may be responsible for moving PLMS from NREM to REM sleep and REM sleep per se in changing PLMS phenotype. In any case, our study provides neurophysiologic information on the complex interaction between the 2 main factors influencing the differential expression of PLMS in these 2 conditions: disease and sleep stage.
Further studies evaluating the LM activity in symptomatic RBD cases (i.e., Parkinson disease, Lewy-body body dementia, and multiple system atrophy) and changes in LM induced by pharmacologic treatments may contribute to explaining the differences between RBD and RLS and, eventually, to distinguishing different RBD subtypes and might have important prognostic implications.
